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a b s t r a c t
To study the membrane orientation of ﬂavivirus non-structural proteins (NSPs) in the replication
complex, the seven major West Nile (WN) NSPs were separately expressed in monkey cells, and their
subcellular localization was investigated by imaging-based techniques. First, we observed by confocal
microscopy that four small transmembrane proteins (TP) (NS2A, NS2B, NS4A, and NS4B) were located to
the endoplasmic reticulum (ER), whereas the largest NSPs, NS1, NS3, and NS5 were not. We then
analyzed the colocalization and the association of WN NSPs using the methods of confocal microscopy,
ﬂuorescence resonance energy transfer (FRET), and biologic ﬂuorescence complementation (BiFC).
Through these combined imaging techniques, protein–protein interactions (PPI) among WNNSPs were
detected. Our data demonstrate that there are interactions between NS2A and NS4A, and interactions of
NS2B with three other TPs (NS2A, NS4A, and NS4B) as well as the expected interaction with NS3. PPI
between NS2A and NS4B or between NS4A and NS4B were not detected. By the criteria of these
techniques, NS5 interacted only with NS3, and NS1 was not shown to be in close proximity with other
NSPs. In addition, homo-oligomerization of some NSPs was observed and three-way interactions
between NS2A, NS4A, and NA4B with NS2B–NS3 were also observed, respectively. Our results suggest
that the four TPs are required for formation of transmembrane complex. NS2B protein seems to play a
key role in bringing the TPs together on the ER membrane and in bridging the TPs with non-membrane-
associated proteins (NS3 and NS5).
Published by Elsevier Inc.
Introduction
West Nile virus (WNV) is a neurovirulent mosquito-borne ﬂavi-
virus that causes mild to severe and even fatal disease in humans and
domestic animals (Lanciotti et al., 1999). The lipid-enveloped virus
particle is 40–60 nm in diameter and has icosahedral symmetry
(Westaway et al., 1986). Within the ﬂavivirus genus, WNV is a member
of the Japanese Encephalitis Antigenic Complex (Calisher et al., 1989).
The genome is a positive-sense, single-stranded RNA, approximately
11,000 nucleotides (nt) in length. It encodes a single long open reading
frame (ORF). The ORF is ﬂanked by a 99-nt 5′ non-coding region (NCR)
and by an 700-nt 3′NCR (Lindenbach and Rice, 2003). The termini of
the 5′NCR and the 3′NCR contain predicted thermostable stem-loop
structures, referred to as the 5′SL and 3′SL, respectively (Brinton et al.,
1989; Brinton and Dispoto, 1988; Grange et al., 1985; Wengler and
Castle, 1986; Mohan and Padmanabhan, 1991). The 5′SL and 3′SL and
other conserved secondary structures are believed to be involved in
RNA replication (Yu and Markoff, 2005; Sirigulpanit et al., 2007; You
et al., 2001; Yu et al., 2008). The 3′SL not only contains promoter
elements which show group speciﬁcity (Yu and Markoff, 2005; Yu
et al., 2008; Zeng et al., 1998) but also possesses elements that govern
ﬂavivirus pathogenesis (Yu et al., 2008).
The polyprotein encoded by the single long ORF in ﬂavivirus RNAs
is cleaved co- and post-translationally to yield three viral structural
proteins (Mukhopadhyay et al., 2005) and at least seven nonstructural
proteins (NSPs) (Coia et al., 1988; Speight et al., 1988; Speight and
Westaway, 1989; Chambers et al., 1990; Biedrzycka et al., 1987;
Preugschat et al., 1990). Among the major NSPs (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5,), NS5 and NS3 have been intensely studied
for their enzymatic functions in viral replication. NS5, the largest of all
of the viral proteins, contains an RNA-dependent RNA polymerase
(RdRp) domain (Guyatt et al., 2001; Ackermann and Padmanabhan,
2001) and an amino-terminal methyl transferase domain that func-
tions in the 5′-capping of vRNA (Issur et al., 2009; Donf et al., 2008).
NS3 possesses three activities: (i) an N-terminal serine protease
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activity which requires NS2B as a cofactor and is critical for proper
processing of the viral polyprotein (Falgout et al., 1991; Jan et al., 1995;
Chambers et al., 1993); (ii) A helicase activity that is thought to be
required for unwinding dsRNA that occurs as an intermediate in RNA
replication (Matusan et al., 2001), and (iii) an NTPase activity (Kuo
et al., 1996), also required for capping vRNA. Electron microscopy
studies reveal the presence of replication complexes (RC) localized to
virus-induced membrane vesicles at the rough endoplasmic reticulum
(ER), in ﬂavivirus-infected cells (Mackenzie andWestaway, 2001; Uchil
and Satchidanandam, 2003; Welsch et al., 2009; Gillespie et al., 2010).
NS1, NS2A NS2B, NS3, and NS4A have been shown by immunoﬂuor-
escence to be associated with the RC (Westaway et al., 1997;
Mackenzie et al., 1998). Other experiments separately show that NS1,
NS2A, NS3, NS4A, and NS5 play roles in virus replication and assembly
(Liu et al., 2002; Lindenbach and Rice, 1997; Mackenzie et al., 1996;
Leung et al., 2008; Lindenbach and Rice, 1999). Yet, some questions
remain regarding the physical relationships among NSPs in the RC.
Protein–protein interactions (PPI) are basic to many biologic
processes, including signal transduction, transcriptional activation,
viral replication, and so on (Khan et al., 2011). The PPIs among
several ﬂavivirus NSPs have been described, including that of NS2B
with NS3 (Phong et al., 2011), of NS3 with NS5 (Kapoor et al., 1995;
Brooks et al., 2002), and of NS3 with NS4B (Umareddy et al., 2006).
The latter two were studied by yeast two-hybrid assay. In vitro
binding assays suggest that NS4A might bind to several NSPs,
including NS3 and NS5, and to itself (Mackenzie et al., 1998).
Typical in vitro studies of PPI require procedures that may skew
results, including protein extraction from cells. For example,
transmembrane proteins (TPs) are more difﬁcult to purify owing
to their hydrophobic nature (Bao et al., 2009), which may be a
reason that such proteins seem to be less well studied by these
methods. In recent years image-based technologies, ﬂuorescence
resonance energy transfer (FRET) and biologic ﬂuorescence com-
plementation (BiFC), have permitted monitoring PPI in living cells
under physiologic conditions (Truong and Ikura, 2001; Dmitriy
et al., 2010; Selvin, 2000; Tom, 2008). We have used these two
image technologies to investigate PPIs among WNV NSPs in living
cells. The combined data resulting from these imaging techniques,
together with immune ﬂuorescence data showing colocalization
of WN NSPs in ﬁxed cells gave a consistent picture of PPIs among
NSPs. These PPI data illustrate how the NSPs involve in RC formation.
Results
Sub-cellular localization of WNV NSPs
Flavivirus RNA replication takes place at the endoplasmic reticulum
(ER) (Mackenzie and Westaway, 2001; Uchil and Satchidanandam,
2003; Welsch et al., 2009; Gillespie et al., 2010), where viral proteins
form a replication complex (RC) (Westaway et al., 1997; Mackenzie
et al., 1998; Liu et al., 2002). In order to evaluate the physical
relationships among NSPs in the RC, we ﬁrst examined their individual
sub-cellular locations, by confocal microscopy. Each NSP was fused
with either a ﬂag tag (DYKDDDDK) or a cMyc tag (EQKLISEEDL) as
described in the “Materials and Methods”. Plasmids expressing each of
seven WNV NSPs fused with either tag were transfected into Vero
cells. The expression of the expected NSPs in cells was conﬁrmed by
an immunoﬂuorescence assay using the respective monospeciﬁc WN
NSP antibodies (data not shown). The transfected cells were also dual-
labeled with ﬂuorescent antibodies at 20–24 h post-transfection.
When cells expressing individual NSPs were co-stained with Calnexin
antibody, four expected transmembrane proteins (TPs), NS2A, NS2B,
NS4A, and NS4B exhibited a positive image of colocalization with
Calnexin (Fig. 1A), whereas NS1, NS3, and NS5 were negative (Fig. 1B).
We also labeled NSP-expressing cells with antibodies against other
cellular markers, including cytoskeleton proteins (Tublin, Vimentin,
and Actin), vesicle-associated proteins (P230, Clathrin, COPI, COPII,
WNns2A(myc) Calnexin Merged
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Fig. 1. Sub-cellular localization of WNS NSPs analyzed by confocal microscopy. Transient transfection of DNA plasmids and confocal microscopy were performed as described
in “Materials and Methods”. cMyc-labeled WNV NSPs (red, left panels) were labeled with mouse anti-cMyc epitope antibody and a secondary goat anti-mouse
IgG conjugated with ﬂuor CY3. Rabbit anti-Calnexin antibodies and a secondary goat anti-rabbit IgG conjugated with Alexa Flour 488 were used to immunostain
Calnexin, in acetone-ﬁxed Vero cells (green, middle panels). Merged images (right panel) showed for evidence of co-localization of WN NSPs with Calnexin, inserted in the
ER membrane. (A) Results for NS2A, NS2B, NS4A, and NS4B. Yellow/orange colors suggest co-localization. (B) Results for NS1, NS3, and NS5. No evidence for co-localization
is seen.
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Sec31), lipid raft-related proteins (Flot1, Erlin, Caveolin1, GM1), and
other cellular proteins (Calnexin, Climp63, GM130, Hse 70, TIP47), but
none of them was found to co-localize with any NSPs (data not
shown). These results demonstrated that four small TPs, NS2A, NS2B,
NS4A, and NS4B, but not NS1, NS3 and NS5, were inserted in the ER
membrane, along with Calnexin, when the respective proteins are
separately expressed. Since our NS1 contained C-terminal amino acids
(YNAD) (Falgout and Markoff, 1995) and included its N-terminal signal
peptide (from the C-terminus of E protein, Table 1) (Youn et al., 2010),
we suspect that NS1 was translocated into the lumen of the ER but
was not membrane-bound once its N-terminal signal peptide was
cleaved. It therefore did not appear to co-localize with Calnexin.
Colocalization of WN NSPs in cells
We next studied the interactions of the NSPs using image
technologies that suggest their proximity in expressing cells. We
ﬁrst studied the propensity of NSPs to co-localize in cells in a pair-
wise analysis using confocal laser scanning microscopy. To per-
form a pair-wise analysis of NSP interactions, each NSP fused with
cMyc tag was paired with each other NSP fused with ﬂag tag, and
DNAs expressing each pair were co-transfected into Vero cells.
Pairs of tagged NSPs were examined for colocalization at 18–24 h
post-transfection, through laser scanning of transfected cells
labeled with tag-speciﬁc ﬂuorescent-antibodies.
We ﬁrst examined the WN NS1(ﬂag) paired with each WN NSP
(myc) fusions, and found that NS1(ﬂag) did not co-localize with any
other WN NSP(myc) in co-transfected cells (Fig. 2A). Whereas, when
NS2A(myc) was co-expressed with other NSPs tagged with ﬂag,
respectively, the confocal images showed that NS2A co-localized
with NS2B and NS4A, but not with NS3, NS4B, and NS5 (Fig. 2B).
Under the same conditions, we observed that NS2B(myc) co-
localized with NS3, NS4A, and NS4B, but not with NS5 (Fig. 2C), that
NS3(myc) did not co-localize with NS4A and NS4B, but did co-
localize with NS5 (Fig. 2D), and that NS4A(myc) co-localized with
neither NS4B nor NS5 (Fig. 2E), nor did NS4B(myc) co-localize with
NS5 (Fig. 2F). NS5(myc) co-localized with NS3 but not with other NSP
(ﬂag) fusions (data not shown). The imaging results shown in Fig. 2
were reproducible. Although the demonstration of colocalization
does not prove PPI, positive results suggest the proximity of two
proteins in cells, and provide a basis for further FRET and BiFC assays.
The intermolecular association among WN NSPs in living cells
analyzied with FRET
FRET (Fluorescence Resonance Energy Transfer) is the non-
radiative transfer of energy from an excited ﬂuorophore (donor) to
another ﬂuorophore (acceptor). Induction of FRET, or failure of
same, has been widely used as an effective “molecular ruler” to
estimate distance between two molecules. FRET only occurs when
two molecules are in very close proximity, usually separated by
less than 10 nm (Wallrabe and Periasamy, 2005). We applied
sensitized emission methods (Rheenen et al., 2004; Xia and Liu,
2001) to evaluate FRET efﬁciencies of WN NSPs fused with
ﬂuorescent proteins. All seven NSPs were fused with Cerulean
(cyan) ﬂuorescent protein (CFP) or with Venus (yellow) ﬂuorescent
protein (YFP) at their C-terminus or N-terminus, respectively. Pairs
of NSPs, composed of a single NSP–CFP expressed in conjunction
with a single NSP–YFP were assayed for FRET at 18–24 h post-
transfection of Vero cells with the respective DNAs. Cells expres-
sing a control YFP–CFP construct, as a fusion protein, showed a
consistent FRET efﬁciency (rate) of about 0.43–0.62 with a mean
value of 0.54 and standard deviation (SD) 0.04 (Table 2, group g).
The value for the positive YFP–CFP was always the highest in every
FRET assay and was comparable with the apparent FRET efﬁciency
tested by acceptor photobleaching (Tramier et al., 2006). The FRET
value of the negative control pair, CFPm plus YFPf, was consis-
tently below 0.05 with an average 0.02 and SD 0.02 (Table 2 group
g, Fig. 3A and B(a), Fig. 5A(c) and B(b), and Fig. 6(a)). As shown in
Table 2 and in Fig. 3, various FRET mean values were obtained
from tested NSP/FP pairs. Signiﬁcant differences were observed
among pairs in the ﬁve groups from (a) to (e) in Table 2. NSP pairs
that gave positive results included NS2A/CFP–NS2B/YFP and NS2A/
CFP–NS4A/YFP with mean value 0.26 and 0.14; NS2B/CFP–NS4A/
YFP and NS2B/CFP–NS4B/YFP with mean 0.10, and 0.21, respec-
tively. FRET values Z0.1 were also observed in equivalent pairs
bearing opposite ﬂuorophores, including NS4A/CFP–NS2A/YFP,
NS4A/CFP–NS2B/YFP, and NS4B/CFP–NS2B/YFP (Table 2 and
Fig. 3A). The high FRET values in parallel pairs are presumed to
reﬂect FRET occurring in these pairs. This suggests actual PPIs
between NSPs in these pairs, according to FRET theory (Clegg,
2009; Wallrabe and Periasamy, 2005). Pairs with FRET value o0.1
but Z0.05 were taken to indicate marginal positivity for FRET. For
examples, NS2B/CFP–NS3/YFP (and NS3/CFP–NS2B/YFP) pairs, and
possibly NS3/CFP–NS5/YFP pair were in this category. These three
pairs were expected to show a higher FRET rate, because of their
known obligate interactions during virus replication (Chambers
et al., 1993; Phong et al., 2011; Kapoor et al., 1995; Brooks et al.,
2002). All other NSP pairs tested gave negative results; mean FRET
values were lower than 0.05. Thus PPI by the criterion of FRET was
not shown for NS1 paired with any other NSP, for NS2A paired
with NS4B, for NS3 paired with NS2A, NS4A, or NS4B, or for NS5
paired with any other NSPs, including NS5/CFP–NS3/YFP. FRET
results were reproducible and repeatable from batch to batch
under the same assay conditions.
The FRET data suggested PPI of NS2B with NS2A, NS4A, and
NS4B, and between NS2A and NS4A. FRET results mostly coincided
with the colocalization results as shown in Table 3, except that the
pair NS5/CFP–NS3/YFP was negative for FRET, while NS3/CFP–NS5/
YFP and NS2B/CFP–NS3/YFP were in the marginal range deﬁned
above. This was a bit surprising since interactions of dengue virus
NS3 with NS5 have been reported by several laboratories (Kapoor
et al., 1995; Brooks et al., 2002), and that of NS2B with the protease
domain of NS3 is well established (Chambers et al., 1993; Phong
et al., 2011). We therefore wondered whether factors, such as
steric hindrance related in some part to the large molecular sizes
of both NS3 and NS5, might have had an effect on the FRET results,
since positive FRET requires a maximum donor-acceptor separa-
tion radius of approximately 10 nm or less. In order to investigate
this hypothesis we expressed truncated forms of NS3 and NS5
containing, respectively, N- and C-terminal segments of these two
proteins (Table 1). The truncated forms of NS3 and NS5 were fused
with CFP and YFP, respectively, and re-tested for FRET (Fig. 3B(a)).
Table 1
Amino- and carboxyl-terminal amino acid and sequence number of single WN NSP
inserted into pVAX1 plasmid.
NSPa Amino acid/# at N-terminusb Amino acid/# at C-terminus
NS1 Ser/766c Asp/1146
NS2A Met/1144 Arg/1370
NS2B Gly/1371 Arg/1501
NS3 Gly/1502 Arg/2120
NS4A Ser/2121 Ala/2269
NS4B Asn/2270 Arg/2525
NS5 Gly/2526 Leu/3430
NS3n Gly/1502 Ala/1678
NS3c Ala/1679 Arg/2120
NS5n Gly/2526 Asp/2800
NS5c Thr/2801 Leu/3430
a WN B596 strain.
b An additional methionine is added to be used as starting amino acid if no
fusion epitope tag or ﬂuorescent protein at the NH2-terminus.
c Containing a C-terminal signal peptide of Envelop protein (a.a. 766–788).
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Figure 5A
WNns1(flag) MergedWNns2B(myc)
WNns1(flag)WNns4A(myc) Merged
WNns1(flag) MergedWNns4B(myc)
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WNns2B(myc) WNns5((flag) Merged
WNns2A(myc) WNns4A(flag) Merged
WNns2A(myc) WNns5(his) Merged
WNns2A(myc) WNns3(flag) Merged
WNns2A(myc) WNns2B(flag) Merged
WNns2A(myc) WNns4B(flag) Merged
WNns3(myc) WNns4B(flag) Merged
WNns3(myc) WNns4A(flag) Merged
WNns3(myc) WNns5(flag) Merged WNns4Bmyc WNns5(flag) Merged
WNns4B(flag) MergedWNns4A(myc)
WNns4A(myc) WNns5(flag) Merged
Fig. 2. Colocalization of WN NSPs in ﬁxed cells. Each panel displays representative confocal microscopy images of Vero cells expressing the indicated WN NSP, bearing either
the cMyc tag or the ﬂag tag, at 18–24 h post-transfection. Right hand columns show the respective merged images. (A) Co-staining of vector-expressed ﬂag-tagged WN NS1
protein (green, middle column in each horizontal panel) does not co-localize with other NSPs bearing the cMyc tag (red, left column in each panel). (B) Co-staining of vector-
expressed cMyc-tagged NS2A (red, left image in each horizontal panel) with ﬂag-tagged NS2B, NS3, NS4A, NS4B, and NS5 (green, middle images, top to bottom panels,
respectively). NS2A appeared to co-localization with NS2B and NS4A. (C) Co-staining of vector-expressed cMyc-tagged NS2B (red, left image in each panel) with ﬂag-tagged
NS3, NS4A, NS4B, and NS5 (green, middle image in each horizontal panel, as labeled) appeared to co-localize with NS3, NS4A, and NS4B. (D) Co-staining of cMyc-tagged NS3
(red) with ﬂag-tagged NS4A, NS4B, or NS5, respectively (green) suggests co-localization of WN NS3 with NS5. (E) Co-staining of cMyc-tagged NS4A (red) with ﬂag-tagged
NS4B and NS5 (green). (F) cMyc-tagged NS4B (red) was co-expressed with Flag-tagged NS5 (green). Merged images (in E and F) suggest co-localization does not occur.
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Both NS2B/CFP–NS3n/YFP (NS3 N-terminus, amino acid (aa)
1–176) and its parallel pair NS3n/CFP–NS2B/YFP were shown to
be positive for FRET, while pairs of NS2B/CFP–NS3c/YFP (NS3
C-terminus, aa 177–619) and NS3c/CFP–NS2B/YFP were negative.
This conformed to expectations, since the C-terminus of NS3
contains a helicase activity not thought to require interaction
with NS2B. However, neither NS3n nor NS3c fused respectively
to either CFP or YFP could be shown to elicit FRET when expressed
in conjunction with NS5n (N-terminus, aa 1–275) or NS5c
(C-terminus, aa 276–630) fused to either ﬂuorophore (Fig. 3B(a)).
We also created fusions of NS3n and NS3c segments with ﬂag
and cMyc epitopes, respectively, and tested these proteins for
colocalization in ﬁxed cells with confocal microscopy. The coloca-
lization results for NS2B(ﬂag) and NS5(ﬂag) with NS3n176(myc)
and NS3c177(myc) showed that WN NS3n176(myc) co-localized
with NS2B(ﬂag), but NS3c177(myc) did not (Fig. 3B (b)), in agree-
ment with FRET data. These experiments also showed that, NS3c
did co-localize with NS5, while NS3n did not (Fig. 3B, panel (c)).
In sum, FRET and confocal microscopy results were consistent with
the known PPI between NS2B and the N-terminal protease domain
of NS3.
The intermolecular association among WN NSPs in living cells
visualized by BiFC
Due to the limitations of FRET in detecting PPI, as suggested for
NS5 above, we also used the Bimolecular Fluorescence Comple-
mentation (BiFC) imaging assay as an alternative tool to evaluate
PPI among WN NSPs. BiFC enables direct visualization of protein
interactions in living cells with less physical limitation (e.g., due to
molecular radii), because detectable ﬂuorescence due to ﬂuoro-
phore reconstitution can occur at intermolecular distances of
47 nm (Tom, 2008; Kerppola, 2006a; Hu et al., 2006). The BiFC
assay conditions were the same as reported above for FRET (see
“Materials and Methods”). Most possible combinations of NSPs
were re-tested in the BiFC assay. Relevant results are shown in
Fig. 4. Fluorescent signal was detected for several BiFC pairs where
one moiety contained the NS2B sequence labeled at either its N- or
C-terminus, as indicated by “Yn” or “Yc”, respectively, in the
following pairs: YnNS2BþNS2AYc, YnNS2BþNS3Yc, YnNS2BþN-
S4AYc, NS2BYnþNS4BYc (Fig. 4A). Additional positive results were
seen with the pairs NS2AYnþYcNS4A, and YnNS3þNS5Yc (Fig. 4B
and C). Although the ﬂuorescence intensity of these BiFC pairs was
typically o10% of that produced by expression of intact ﬂuores-
cent proteins (Kerppola, 2008), ﬂuorescent images read out as
positive for PPI were clearly visualized and the image intensity
was higher than background autoﬂuorescence and higher than
parallel pairs (Fig. 4). These BiFC results were not only consistent
with the FRET results but also demonstrated PPI between NS3 and
NS5, which was not readily detected in the FRET assay.
Evidence for NSP homo-oligomerization
During the course of these studies we observed that some
images of WN NSPs expressed singly appeared granular in trans-
fected cells. We asked whether NSPs may coalesce to form homo-
oligomers. To investigate this possibility, we applied the same
techniques, confocal microscopy and FRET. For the former, DNAs
expressing each NSP fused with either cMyc or ﬂag tags, respec-
tively, were co-transfected into Vero cells. Immunostaining and
confocal laser scanning were performed as described above.
Differentially labeled pairs of each NSP exhibited a yellowish color
in “merged” panels (Fig. 5A), suggesting strongly “homo-colocali-
zation” for NS1, NS2A, NS2B, NS3, and NS4A, but weakly for NS4B
and NS5. For FRET analysis, DNAs expressing each WN NSP fused
with CFP as donor or fused with YFP as acceptor, respectively, were
Table 2
FRET efﬁciency of WN NSP–FP pairs in living cells. FRET assay was performed with a sensitized emission procedure (Clegg, 2009; Rheenen et al., 2004). The analysis of FRET
efﬁciency (percentage rate) of plotted ROIs was performed sequentially with a Zeiss Axiovision version 4.8.2 software. Each group (from a to f) contains a CFP donor paired
with other NSP-YFP acceptors, respectively. The sum of tested ROI numbers (N) for each NSP/FP pair was listed at the bottom of each group panel. A CFP–YFP mono-molecule
and CFPm plus YFPf pair were used as positive and negative control (group g) for the FRET assay system.
Group CFP donor NS2ACFP NS1YFP NS2BYFP NS3YFP NS4AYFP NS4BYFP NS5YFP
a Mean 0.01 0.26 0.02 0.14 0.04 0.02
SD 0.01 0.07 0.02 0.09 0.02 0.01
n 35 45 41 36 31 55
Group CFP donor NS2BCFP NS1YFP NS2AYFP NS3YFP NS4AYFP NS4BYFP NS5YFP
b Mean 0.01 0.19 0.08 0.10 0.21 0.03
SD 0.01 0.06 0.02 0.03 0.14 0.03
n 35 31 55 39 52 50
Group CFP donor NSS3CFP NS1YFP NS2AYFP NS2BYFP NS4AYFP NS4BYFP NS5YFP
c Mean 0.02 0.02 0.08 0.01 0.01 0.07
SD 0.02 0.02 0.03 0.02 0.02 0.04
n 44 35 46 54 51 34
Group CFP donor NS4ACFP NS1YFP NS2AYFP NS2BYFP NS3YFP NS4BYFP NS5YFP
d Mean 0.02 0.12 0.19 0.02 0.02 0.02
SD 0.01 0.05 0.13 0.02 0.02 0.02
n 35 50 30 35 46 30
Group CFP donor NS4BCFP NS1YFP NS2AYFP NS2BYFP NS3YFP NS4AYFP NS5YFP
e Mean 0.01 0.01 0.27 0.02 0.03 0.01
SD 0.01 0.02 0.10 0.03 0.02 0.01
n 38 40 40 45 32 38
Group CFP donor NS5CFP NS1YFP NS2AYFP NS2BYFP NS3YFP NS4AYFP NS4BYFP
f Mean 0.03 0.01 0.01 0.02 0.01 0.02
SD 0.03 0.02 0.02 0.02 0.02 0.02
n 30 55 55 53 42 51
Group CFP donor NS5CFP CFP–YFP CFPmþYFPf
g Mean 0.54 0.02
SD 0.04 0.02
n 50 50
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Fig. 3. (A) Bar chart of FRET efﬁciencies. The FRET mean values expressed as percentage rate (Y-axis) and error bars indicated the standard deviation (SD) from the mean
values for each WN NSP/CFP and NSP/YFP pairs (columns at X-axis) were the same as shown in the Table 2. Each NSP/CFP paired with another six NSP/YFPs forms a group.
A threshold line by mean plus four times SD (0.02þ4 SD¼0.10) of negative FRET pair (CFPmþYFPf, far right column) was indicated with an arrow. NSP/FP pairs that had
mean value equal or above the line was considered a positive FRET (ﬁlled columns), whereas NSP/FP pairs that had mean value lower than 0.05 (blank columns) reﬂect a
negative FRET as compared with the negative control of FRET pair (CFPmþYFPf ). The marginal pairs (striped columns) had a FRET mean values larger than 0.05 but smaller
than 0.1. (B) Analysis of truncated NS3 and NS5 with FRET and confocal microscopy. (a). Bar chart of FRET efﬁciencies for truncated NS3 and NS5 . Two NS3 fragments, NS3n
containing amino acid (aa) 1–176 and NS3c containing aa 177–619, and two NS5 fragments, NS5n with aa 1–275 and NS5c with aa 276–630 were fused with CFP and YFP,
respectively. Fragments of NS3/FPs were paired with NS2B/FPs and paired with fragmented NS5/FPs, respectively, and assayed for FRET efﬁciency as described in “Materials
and Methods”. Only pairs of NS3n/FPs with NS2B/FPs (ﬁlled columns) showed FRET mean value above 0.1 threshold line. Other pairs (blank columns), including truncated
NS3/FPs with truncated NS5/FPs, showed no FRET occurring with mean value less than 0.05. (b) and (c). Confocal images of truncated NS3 fragments with NS2B and NS5.
cMyc-tagged NS3n176 (red, right column in top horizontal panel) appeared to co-localize with NS2B bearing the Flag tag (green, middle in left panel), but not co-localize
with NS5 (green, middle in right panel). In contrast, cMyc-tagged NS3c177 (red, right column in bottom horizontal panel) showed to not co-localize with NS2B, but
co-localize to NS5.
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co-transfected into Vero cells and a FRET assay was performed
(Fig. 5B). Except for NS1 and NS5, all other NSPs showed FRET
mean value over threshold 0.1, suggesting a very close physical
association among monomers of each NSP alone. The FRET mean
values for NS1 and NS5 were in the range described above as marginal
(see above). To study NS5 further, we expressed truncated segments of
NS5 (aa 1–275 and aa 276–630) (Table 1) each fused with FPs. FRET
among the respective truncated forms of NS5 was sought (Fig. 5C (a)).
The pairs NS5n/CFP–NS5n/YFP, NS5n/CFP–NS5c/YFP, and NS5c/CFP–
NS5n/YFP were negative. However, NS5c/CFP–NS5c/YFP had a mean
value about 0.09, very close to the lower cut-off of 0.1. This result
suggested a close association among the C-termini of NS5molecules in
transfected cells. Next, similar analyses of truncated N- and C-terminal
forms of NS3 were also performed, with FRET and with confocal
microscopy. The FRET mean value of both the NS3 N-terminal pair and
the C-terminal pair was in the positive range (Fig. 5C (a)). In contrast,
the FRET mean value for the N-terminus of NS3 paired with the C-
terminus was clearly negative. Similar results were observed with the
colocalization analysis (Fig. 5C (b)); both the NS3 N-terminal pair or C-
terminal pair were seen to co-localize, but no evidence for colocaliza-
tion was seen for the N-terminus of NS3 paired with its C-terminal
segment. The truncated NS3 data indicate that NS3 may possess two
independent domains for its intramolecular interaction.
Evidence for replication complex formation initiated by NS2B
FRET can be used to establish a close association among more
than two proteins. To determine triple NSP complexes, cells were
co-transfected with three plasmids, an NSP/CFP donor, an NSP/YFP
receptor, and a non-FP-fused NS2B(myc). A FRET assay was
performed as described above. The NSP-ﬂuorophore pairs of
NS2A, NS4A, and NS4B each with NS3, respectively, previously
were shown to be negative for FRET (Fig. 3A). Whereas, in the
presence of NS2B, each of these molecular pairs with NS3
exhibited an increase of FRET rate (Fig. 6A). Interestingly, in each
of the three cases, signiﬁcant FRET was shown for only one of the
two alternative combinations of NSP and ﬂuorophore. For
example, a signiﬁcant increase in FRET mean value was observed
for the NS2ACFP–NS3YFP pair, with mean 0.09, for the NS4ACFP–
NS3YFP, with mean 0.09, and for the NS3CFP–NS4BYFP pair, with
mean 0.12, in the presence of non-FP NS2B(myc). The failure to
observe signiﬁcant FRET mean values for the parallel pairs, e.g., NS3/
CFP paired with NS2A/YFP, etc. (Fig. 6A) may be due to a steric effect
hindering interaction of the CFP donor and YFP receptor moieties.
Additional support for complex formation came from a colocalization
assay, in which NS2B and NS3 were expressed as a fusion protein,
NS2B3, and co-expressed with NS2A(myc), NS4A(myc), and NS4B
(myc), respectively, in Vero cells. Colocalization of NS2B3 with NS2A,
NS4A, and NS4B, respectively, was readily observed (Fig. 6B). The FRET
and colocalization image both suggest that NS2B is a key component
that connects TPs at ER with NS3 and NS5 in the RC formation.
Discussion
Flavivirus RNA replication and virion morphogenesis take place
at the endoplasmic reticulum (ER) membrane, where both viral
and some cellular proteins form a replication complex (RC). This
process appears to involve the formation of membrane vesicles
that maintain the RC (Mackenzie and Westaway, 2001; Uchil and
Satchidanandam, 2003; Welsch et al., 2009; Gillespie et al., 2010).
The viral NS proteins are the major components of the viral
replication complex (Westaway et al., 1997; Mackenzie et al.,
1998): NS1 and NS3 associated with double-stranded RNA in
vesicle packets and NS2B and NS3 were co-localized within
virus-reduced membrane structures (Westaway et al., 1997);
NS2A and NS4A were also detected by immunogold labeling
within vesicle packets and within the virus-induced membrane
(Mackenzie et al., 1998). Although ﬂavivirus replication and
assembly have been extensively studied, the precise physical
relationships among the viral proteins that must be required for
this process are still not completely understood. Research on PPI
among ﬂavivirus NSPs has been mainly focused on a few speciﬁc
cases, including those of NS2B with NS3 (Phong et al., 2011), of
NS3 with NS5 (Kapoor et al., 1995; Brooks et al., 2002) and of NS3
with NS4B (Umareddy et al., 2006). In addition, results of in vitro
binding assays suggested that NS4A bound to most NSPs, including
NS3, NS5, and to itself (Mackenzie et al., 1998). A plethora of data
conﬁrms the functional relationship between NS2B and the
protease domain of NS3, and their colocalization in infected cells
has been previously demonstrated (Westaway et al., 1997). To gain
further insight into ﬂavivirus NSP PPI, we applied some modern
imaging technologies to explore PPI in situ, in single cells. This
afforded some advantages compared to in vitro procedures in
terms of the physiological relevance of the results.
We initially determined some associations among WN NSPs in
ﬁxed cells using a colocalization assay based on immunoﬂuorescence.
This gave us information relevant to possible proximate relationships
among the NSPs. Since the co-localization data do not with certainty
correlate with actual PPI, we further evaluated the signiﬁcance of the
colocalization results using FRET. Results using the two different
methods were essentially concordant, except for the co-expression
of NS3 with NS5 and of NS2B with NS3. We were able to demonstrate
colocalization of NS3 with NS5, but results for that pair were negative
for FRET. Since NS3 and NS5 were previously shown by other methods
to interact (Kapoor et al., 1995; Brooks et al., 2002), we considered that
the negative FRET result might be an artifact related to the relatively
large sizes of the twomolecules (Wallrabe and Periasamy, 2005; Llères
et al., 2007; Erickson, 2009). We also obtained a lower than expected
FRET rate for NS2B with full-length NS3. With truncated forms of both
NS3 we were then able to show a speciﬁc interaction between NS2B
and the N-terminal protease domain of NS3. We further investigated
the interaction between NS3 and NS5 using BiFC. This latter
Table 3
Comparability of results generated by two image techniques. (A) Summarization of
FRET data for all pairs of WN NSP/CFP donors (left vertical panel) and NSP/YFP
acceptors (top horizontal panel). FRET mean values (Table 1) of each NSP pair were
presented (B). Summarization of colocalization results of NSP(myc) and NSP(ﬂag)
pairs as shown in the Fig. 2. Both data resulted by the two image methods look very
compatible.
(A) FRET
CFP/YFP NS1 NS2A NS2B NS3 NS4A NS4B NS5
NS1a
NS2A 0.01 0.26 0.02 0.14 0.04 0.02
NS2B 0.01 0.19 0.08 0.10 0.21 0.03
NS3 0.02 0.02 0.08 0.01 0.01 0.07
NS4A 0.02 0.12 0.19 0.02 0.02 0.02
NS4B 0.01 0.01 0.27 0.02 0.03 0.03
NS5 0.03 0.01 0.01 0.02 0.01 0.01
(B) Co-localization
Myc/Flag NS1 NS2A NS2B NS3 NS4A NS4B NS5
NS1      
NS2A  þ  þ  
NS2B  þ þ þ þ 
NS3   þ   þ
NS4A  þ þ   
NS4B   þ   
NS5    þ  
a Data not shown for NS1–CFP pairing with NSP–YFP.
L. Yu et al. / Virology 446 (2013) 365–377 371
technology clearly showed PPI of NS3 with NS5. In contrast, BiFC was
less successful in demonstrating an interaction between NS2A and
NS4A, compared to FRET. However, it appears that BiFC can provide
additional useful information to complement FRET deﬁciencies such as
lower sensitivity and interference due to large size for paired
molecules larger than 10 nm in diameter (Kerppola, 2006b).
In summary, we demonstrated by either or both techniques that PPI
occurred between NS2A and NS4A, NS2A and NS2B, NS2B and NS3,
NS4A and NS4B, and between NS3 and NS5, as previously reported.
Thus, a clear proﬁle of PPI among WN NSPs was revealed.
No evidence for PPI of NS1 with any other NSP was detected by
any of the three image methods, but FRET results suggested the
formation of NS1 homo-dimers or oligomers. This is consistent
with previous ﬁndings (Winkler et al., 1988) that NS1 is secreted in
oligomeric forms. Our data were also consistent with the intracel-
lular formation of oligomers of NS2A, NS2B, NS3, NS4A, NS4B, and
NS5. Among these, only NS4A was previously reported to self-
associate (Mackenzie et al., 1998). In order to further investigate
the mechanism of homo-oligomer formation for NS3 and NS5, the
N- and C-terminal fragments of each protein were separately
assessed with FRET. Our results showed that both fragments of
NS3 could independently self-associate, while only the C-terminal
fragment of NS5 could do so. The oligomerization of WNV NS3 and
NS5 has not reported before, whereas the predicted oligomeriza-
tion of WNV NS3 has been suggested to be associated with
helicase activity (Feito et al., 2008), as similar to HCV NS3 (Cho
et al., 1998; Sikora et al., 2008), of which the dimer is the
functional form that unwinds double-stranded RNA. NS5 homo-
oligomerization may be critical for RNA replication since the
oligomerization of RNA polymerases is a common phenomenon
in prokaryotes (Kansara and Sukhodolets, 2011) and in some RNA
viruses. The oligomerization of HCV NS5B protein (Bellon-
Echeverria et al., 2010; Wang et al., 2002), an RdRp similar to
WNV NS5, as well as poliovirus RdRp (Pata et al., 1995; Lyle et al.,
2002) has been reported previously. Our data not only show the
homo-oligomerization of WN NS5, but also demonstrate that
the domain for WN NS5 homo-oligomerization locates at its
C-terminal region.
2BYn+2AYc 2BYn+ 4AYc
Yn2B+ 2AYc
2BYn+YcS3
Yn2B+S3Yc
Yn2A+Yc4A
Yn2B + 4AYc Yn2B + 4BYc
YnS3 + S5Yc
S3Yn + S5Yc2AYn+Yc4A
2BYn+4BYc
Fig. 4. BiFC – ﬂuorescent images reconstituted by separated YFP segments fused with NSPs, respectively. Venus FP was used as an YFP reporter probe and was truncated into
two parts. The N-terminal fragment consists of aa residues 1–173 and C-terminal fragment consists of residues 155–238. Each NS protein was fused to either the N- or
C-terminus of the two YFP segments, respectively. YFP images in cells were visualized by Zeiss Cell Observer system under an oil immersion 63 objective lens (NA1.4) with
excitation and emission wave lengths of 514 nm and 535/30 nm. The complement ﬂuorescent images were clearly visualized in several BiFC pairs, including Yn2Bþ2AYc,
Yn2BþS3Yc, Yn2Bþ4AYc, 2BYnþ4BYc, 2AYnþYc4A, and YnS3þS5Yc. These ﬂuorescent images have higher intensities than background auto-ﬂuorescence and than their
equivalent pairs (e.g. 2BYnþ2AYc, 2BYnþYcS3, 2BYnþ4AYc, Yn2Bþ4BYc, and S3YnþS5Yc).
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Fig. 5. WN NSP homo-oligomerization. (A) Confocal images of NSP homo-colocalization. Co-staining of vector-expressed cMyc-tagged NSPs, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5 (red, left column in each horizontal panel) co-localize with themselves, respectively, bearing the Flag tag (green, middle column in each panel). Merged results are shown on the
right in each horizontal panel. (B) Analysis of NSP homo-oligomerization via FRET. Each of NSPs fused with either CFP or YFP was self-paired and assayed for FRET. FRET mean value of
all self-paired NSPs were great than the 0.05 negative range. Filled columns indicate that mean values of NS2A, NS2B, NS3, NS4A, and NS4B were above the threshold line 0.1, whereas
NS1 and NS5 exhibited marginal results (striped columns). (C) Domains of homo-oligomerization in NS3 and NS5. (a) FRET bar chart showed that FRET mean value of either NS3n/FP
self pair or NS3c/FP self pair both showed higher value great than the 0.1 threshold (ﬁlled column), whereas the FRET rate of NS3n/CFP with NS3c/YFP pair was below 0.05 negative
range (blank column). Pairs of NS5n/FPs with NS5c/FPs or NS5n/FPs all showed a negative value of FRET, similar to the CFPmþYFPf control (blank column). Only NS5c/CFP with NS5c/
YFP gained a mean value about 0.09, closely to the positive line of 0.1 (striped columns). (b) Confocal images showed co-localization of either NS3 N-terminal pair or NS3 C-terminal
pair, respectively, but no colocalization is seen as NS3 N- and C-terminal fragment was paired.
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Recent studies have shown ﬂavivirus induced vesicular structures
enveloping virus replication complexes in infected cells (Welsch et al.,
2009; Gillespie et al., 2010; Westaway et al., 1997; Mackenzie et al.,
1998). We wondered which NSPs might participate in RC formation
and which might be involved in vesicular structures as framework
components. To address this question we performed an assay to
evaluate colocalization of each viral NSP with cellular marker proteins.
These included organelle markers (Calnexin, Climp63, GM130);
vesicle-associated proteins (P230, Clathrin, Sec31), lipid raft-related
proteins (Flot1, Erlin, Caveolin1, GM1), as well as cytoskeleton proteins
(Tublin, Vimentin, Actin), and others, such as TIP47, Hse 70, COPI,
COPII. The four small NSPs (NS2A, NS2B, NS4A, and NS4B) co-
localized only with Calnexin, an ER protein, whereas NS1, NS3 and
NS5 proteins did not, when each was expressed singly. No colocaliza-
tion of any WNV NSPs with any of the other cellular proteins was
observed (data not shown). These results may suggest a hypothesis
that the four transmembrane NSPs may be required to form trans-
membrane complex and to induce formation of membrane vesicles
that house replication complexes in infected cells and, along with
other data, that vesicle induction occurs at a pre-Golgi step (Gillespie
et al., 2010; Kang and Staehelin, 2008).
The speciﬁc binding of NS2A, NS4A, and NS4B with NS3 was
not detected by either FRET or confocal microscopy. However,
three-way interactions were identiﬁed for NS2A, NS4A, and NS4B
with NS3, respectively, in the presence of NS2B. This result, taken
along with our other results, may illuminate the roles of WN TPs in
WN RC constitution and thus support a model shown in Fig. 7. This
model indicates that NS2B plays a key role both in bringing the
other three transmembrane NSPs together in the complex and in
recruiting NS3 and NS5 to the site. We further posit that the
oligomeric state of the four TPs in the ER membrane may facilitate
the formation of the virus vesicles. One limiting factor in our
approach was that we studied pairs of NSPs expressed in concert
or pairs expressed in the presence of NS2B. Thus, as seems likely,
there may be more complex interactions among NSPs that the
present data do not illuminate, but more work needs to be done to
investigate this possibility. In addition, since NS1 does not associ-
ate with any one of TPs, it has to rely on NS2A and its N-terminal
signal peptide for anchoring in the ER, prior to cellular protease
cleavage (Fig. 7) (Falgout and Markoff, 1995).
Materials and methods
Plasmids construction and transfection assay
Construction of NSP-encoding plasmids was carried out with
the procedures described in the Current Protocols in Molecular
Biology (cda.currentprotocols.com). Each of the WNV (stain B956)
NS gene segments (Yu and Markoff, 2005) was PCR-synthesized
(oligomer primers are available upon request) and inserted
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Fig. 6. Assay for triple NSP complexes. (A) FRET efﬁciencies of three NSPs. Donor NS/CFP and acceptor NS/YFP pairs, NS2A, NS4A, and NS4B with NS3, respectively, which had
no FRET occurring as shown in Fig. 3B, were co-transfected into Vero cells with a third plasmid NS2B(myc) by the procedures described in “Materials and Method”. FRET
analysis was performed in the same way as presented in “Materials and Method”. The FRET mean value of NS2A/CFP–NS3/YFP and NS4A/CFP–NS3/YFP were 0.09, and NS3/
CFP–NS4B/YFP was 0.12 (ﬁlled column), and their equivalent pairs (NS3/CFP–NS2A/YFP, NS3/CFP–NS4A/YFP, and NS4B/CFP–NS3/YFP) were marginal with mean value 0.05
above negative level (blank column), respectively. (B) Confocal images of colocalization of NS2B3 with other three TPs, NS2A(myc), NS4A(myc), and NS4B(myc), respectively.
The NS2B3 construct was generated by fusion of WN NS2B and NS3 as a mono-molecule. Rabbit anti-NS3 antibody was used to speciﬁcally label the NS3 of expressed NS2B3
fusion (green, middle columns). Three TPs were stained with anti-cMyc antibody (red, left columns). The colocalization NS3 (in NS2BS) with NS2A, NS4A, and NS4B were
detected (right columns), respectively.
NS3 NS5
NS2A NS2B NS4A NS4B
ER 
LumenNS1
Fig. 7. A model of WNV NSP complexes at ER. The four TPS, NS2A, NS2B NS4S, and
NS4B, are located at ER where they form transmembrane complexes via PPI (solid
lines), which may involve in the virus-induced vesicles. The non-membrane-associated
proteins, NS3 and NS5, are not ER-bound, but tether ER through NS2B–NS3 interaction.
NS2B bridges the TPs with RC (composed of NS3, NS5, and RNA). NS1may participate in
the RC formation through connection of NS2A (dashed line) to anchor on ER before
cleavage at NS1–NS2A junction (indicated with an arrow).
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together with fusion nucleotide segments into a pVAX1 vector
(Invitrogen, CA) at NheI-XbaI sites. Individual NSPs encoded by
each gene segment in the pVAX1 vector are listed in Table 1. The
fusion nucleotides that were added to NS gene segments include
either a ﬂag tag (nt: gattacaaggatgacgacgataag), a cMyc tag (nt:
gaacagaaactgatctctgaagaagacctg), or full ﬂuorescent protein (CFP
or YFP)-coding sequences (Heim and Tsien, 1996; Daubner et al.,
1987). The nucleotide sequences of all inserted fusion fragments
were determined using an ABI 3500xl Genetic analyzer. The cloned
plasmids were ampliﬁed in LB-cultured E. coli and puriﬁed with
Plasmid Midi Kit (Qiagen, in USA).
Vero cells were cultured in a T150 ﬂask in EMEM (CAT# 12-125,
Lonza, MD) containing 10% fetal bovine serum (FBS) plus L-
glutamine. When monolayers were conﬂuent, cells were harvested
and split to 4- or 8-well chamber slides (#177402, #155441, and
#155373, LabTek, Rochester, NY) one day prior to transfection.
Approximately 0.5–1.0 ug of each DNA plasmid was transfected
into 5104 of conﬂuent Vero cells using lipofectamine 2000
(Invitrogen, CA) in a procedure following the manufacturer's
manual. The transfected cells were maintained in a CO2 incubator
at 37 1C for 18–24 h and then either ﬁxed for confocal microscopy
or directly used for imaging analysis (FRET and BiFC) on
living cells.
Antibodies
Antibodies against cellular markers that were used in this study
(Fig. 1) include rabbit anti-Calnexin (AP03028SU-N, Acris Anti-
bodies, San Diego, CA). The primary antibodies against tags are
rabbit anti-ﬂag antibody (Cell Signaling Technology, MA) and
mouse anti-cMyc antibody (Invitrogen, CA). The secondary anti-
bodies are Alexa-Fluor 488-goat anti-rabbit IgG (Invitragen, CA)
and Fluor Cy3-goat anti-mouse IgG (Invitrogen, CA). WNV NS3
anti-peptide antibody was produced in rabbits by Capralogics
Company (Hardwick, MA). The NS3 24-mer peptide used to derive
antibodies for these studies (amino acid sequences are available
for research purpose) was synthesized with FastMoc Chemistry
using an ABI 433A Peptide Synthesizer and conjugated with
Keyhole Limpet Hemocyanin, prior to immunizing rabbits.
Confocal microscopy
Single WNV NSP-expressing plasmids bear either a cMyc or ﬂag
tag, or combinations of two or three recombinant plasmid DNAs
expressing NSPs bearing either cMyc or ﬂag tags, respectively,
were transfected into Vero cells for colocalization assays using
procedures as described above. Approximately 18–24 h after
transfection, monolayer cells on slides were washed with PBS
three times and then ﬁxed with acetone at room temperature for
10 min twice, followed by an additional three washes with PBS.
The ﬁxed cells were ﬁrst incubated with rabbit antibodies targeted
to cellular proteins (e.g. Calnexin; Acris Antibodies, San Diego, CA)
at various dilutions empirically determined and with rabbit anti-
bodies directed at ﬂag tag (Cell Signaling Technology Inc., MA) at a
dilution of 1:100 and/or mouse antibody directed at cMyc tag
(Invitrogen, CA) at a dilution of 1:150, at 30 1C for 1–2 h. After
incubation with primary antibodies, the cells were washed three
times with PBS and subsequently incubated with secondary
antibodies, Alexa-Fluor 488-goat anti-rabbit IgG at a dilution of
1:100 (Invitrogen, CA) and/or Fluor Cy3-goat anti-mouse IgG
(Invitrogen, CA) with 1:150 dilution, for 1 h at 30 1C. Following
antibody staining, the slides were washed with PBS and mounted
with cover slips with a drop of 15% glycerol–PBS, and sealed
around the cover slip with nail oil. Confocal microscopy was
performed using an oil immersion 63 objective lens (Zeiss
confocal microscope, LSM 5 Pa). Additional steps to reduce
artiﬁcial color overlap in the process of confocal laser scanning
include using minimal gain to reduce color saturation and leaking
and analyzing multiple images.
Fluorescence resonance energy transfer (FRET) microscopy
For FRET experiments, Cerulean Fluorescent Protein (CFP) and
Venus Fluorescent Protein (YFP) (gift from S. Vogel, NIAAA) were
used as donor and acceptor ﬂuorescent molecules. CFP or YFP
was fused to the C-terminus or N-terminus of each WN NSP, by
inserting the relevant nt sequences into pVAX1 plasmid. Pairs of
oppositely labeled NSPs or single NSPs bearing one or the other
ﬂuorescent label were expressed in Vero cells after transfection
of monolayers on 4- or 8-well Labtek chamber slides (Nunc,
Rochester, NY) with the corresponding modiﬁed recombinant
plasmid DNAs, as described above. Transfected Vero cells were
cultured in CO2 for 18–24 hours prior to examination of cells for
FRET phenomena, using an oil immersion 63x objective lens
(NA1.4) on a Zeiss Cell Observer Confocal Spinning Disk system
with a Yokogawa CSU-X1 scan head and PECON environmental
chamber. The method for imaging FRET was sensitized emission
(Clegg, 2009; Rheenen et al., 2004), where the intensity of the
acceptor ﬂuorescence is registered upon excitation at a wave-
length that is optimal for the donor ﬂuorescence. Excitation
wavelengths of 458 nm, 514 nm, and 458 nm laser lines were used
for CFP, YFP, and FRET channel, respectively. The emission ﬁlters
for CFP were 485/30, and for YFP and FRET was 535/30 in image
data acquisition, respectively. Dichroic Beam splitter for Yokogawa
scan head was RTFT 457/514/647 nm. For FRET of each pair, images
of a single cell expressing both CFP and YFP, or expressing CFP or
YFP alone were acquired via donor (CFP), acceptor (YFP), and FRET
channels. All ﬁve image spectrums from three single Vero cells,
containing only donor NS/CFP, only acceptor NS/YFP, and contain-
ing dual NS/CFP and NS/YFP were recorded and stored in ZVI
formant for quantitative analysis.
Zeiss Axiovision software (version 4.8.2) was used for intensity
measurement and FRET efﬁciency calculation. The quantitative
method for calculating FRET efﬁciency is based on a three-ﬁlter
system, which is normalized against donor and acceptor levels
(Gordon et al., 1998) and also normalizes against protein expres-
sion levels to limit cross talk and verify real signals (Xia and Liu,
2001). The value of FRET efﬁciency was calculated from acquired
spectrum by correcting and normalizing the sensitized emission
images for leak-through of CFP and YFP by using a Xia's formula
(Xia and Liu, 2001). The ﬁnal re-normalized FRET value was then
expressed as percentage rate showing in Table 2 and in the
following FRET rate charts. All WN NSP/FP pairs were tested for
FRET under the same conditions as measuring of the YFP–CFP
control groups. Corresponding each NSP/FP was expressed sepa-
rately in Vero cells as control in the context of each FRET assay.
Systemic control is composed of a mono-molecule YFP–CFP fusion
and a pair of CFPm (Cerulean FP fused with a cMyc epitope) plus
YFPf (Venus FP fused with a ﬂag epitope). Both were used as
references for FRET efﬁciency to other test samples. Based upon
the mean value of negative reference pair (CFPm plus YFPf)
(Table 1g), a threshold value (the mean plus four standard
deviations, 0.02þ4 SD¼0.10) was determined. A FRET efﬁciency
(rate) that is equal or greater than the threshold value (Z0.1) is
considered to be positive for FRET occurring in this system. To
quantify FRET efﬁciency of WN NSP–FPs in cells, 2 or 3 regions of
interest (ROI) were drawn on an individual cell where dual FPs
were located in cytoplasm. About 30–50 independent ROIs (about
10–20 cells) were measured for each pair NSP/FPs. Cumulative
FRET data in more than three independent transfection-FRET
assays for each pair were re-normalized to obtain mean value
and standard deviation.
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Bimolecular ﬂuorescence complementation (BiFC) imaging
YFP was used as a reporter in these experiments, which was
expressed as two separate, partially overlapping fragments, repre-
senting respectively the N-terminus (Yn, amino acids 1–173) or the
C-terminus (Yc, amino acids 152–239) of the full-length, active form
(Daubner et al., 1987). The respective nt sequences of each WNV NSP
and of Yn and Yc were generated by PCR, such that each product NSP
was fused at either its N- or C-terminus to either Yn or Yc. This gave
four different constructs for each NSP and eight pairs of molecules for
each BiFC test, where association between two NSPs was evaluated.
For expression, chimeric NSP/Yn and NSP/Yc coding sequences were
cloned into pVAX vector (Invitrogen, CA) as fusions at NheI–XbaI
sites. Vero cells were transfected with a pair of NSP/Yn and NSP/Yc
plasmids and incubated at 37 1C for 18–24 h as described above.
Fluorescent images generated by BiFC in cells were visualized by the
same Zeiss Cell Observer system previously described, under an oil
immersion 63 objective lens (NA1.4) with excitation and emission
wave lengths of 514 nm and 535/30 nm, respectively.
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